The mechanical behaviour of Fe-C aiioys have been determined in their phase transformation ranges during isothermal or anisothermal transformations. Two models an analytical model and a fiite element model have been used in order to calculate the behaviour of the material. Considering a macroscopic scale, these models show that the mechanical behaviour can be well described when an additional deformation, i. e. the transformation plasticity deformation, is considered.
INTRODUCTION
The mechanical behaviour of two constituents materials has been studied experimentally by numerous authors and has been widely modeiled when these constituents are considered as stable on a structural point of view (1-10). However only few results (1 1,12) have been reported when the materials are deformed in their phase transformation range although such deformation conditions exist during thermomechanical treatments and even heat treatments when the material is submitted to internal stresses generated by the treatment itself. Also, on one hand, the mechanical behaviour of two Fe-C aiioys has been studied during the y+ a + Fe3C phase transformations. An a n i s o t h e d transformation austenite + ferrite + perlite (the transformation occurs slowly during cooling), and an isothermal transformation, austenite + perlite have been considered. On another hand, the mechanical behaviour is modelled considering an "analytical model" using an hypothesis of homogeneous deformation between the two phases, and a finite element model (FEM) generally used in the calculation of internai stresses during quenching. The specific behaviour of the material during phase transformation is described at the macroscopic scale as an additional deformation. The different models are presented and calculations are compared to experirnents.
EXPERIMENTAL METHOD
The two studied aiioys are Fe-0.2 wt % C and Fe-O. 8 wt % C with a content of Mn near 0.7 wt % and small additions of other elements (about 0.02%P, 0.02%S, 0.15%Si, 0.03%Ai, 0.04%Cu, 0.024%Cr in wt%). Tests have been carried out with a thermomechanical simulator DITHEM designed and perfected in our laboratory. This apparatus is able to generate rapid thermal and mechanical variations while simultaneously recording sample deformation, applied load, temperature and electrical resistivity. For Fe-0.2 C alioy, the specimen was austenitized at 1000T during 15 min and cooled at a constant cooling rate (0.5TIs) down up to 850'13. During austenitization and the beginning of the cooling, a constant low stress (= 5 MPa) is applied to the sarnple. Also, the phase transformation can be studied by dilatometry. From 850'13, the specimen is simultaneously cooled (0.5Tls), and deformed at a constant deformation rate in the phase transformation range. The deformation rates have been chosen ranging from 10-5s-1 to 5.10-4s-1. The simultaneous recording of the electrical resistivity variations d o w s to foUow the structural modifications of the alloy.
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For the Fe-0.8 % C alloy, after austenitization the sample is rapidly cooled down to its transformation temperature (665 or 67597 respectively) and the temperature is maintained constant while the specimen is deformed at a deformation rate of 5.10-5s-1.
EXPERIMENTAL RESULTS
The mechanical behaviour of the Fe-0.2%C alloy measured during cooiing is shown on figure 1 (for a similar cooling rate 0.5971s) on which stress variations versus temperature have been reported for the different appiied deformation rates. During cooling, the flow stress of austenite increases as temperature decreases whatever the deformation rate. From 770@, the curves show two ranges where a softening of the material is measured. The recording of electrical resistivity variations aiiow us to correlate these softening domains to the austenite + ferrite transformation and the austenite + pearlite transformation (13, 14) .
If we compare the behaviour corresponding to the two deformation rates, in the austenitic range for a sarne temperature, an increase of the flow stress is obtained when the deformation rate increases. At 7709L1, the deformation of the samples is quite different 0.16 % for È = 10-5s-1 and 8 % for 5.10-4s-1. The softening is also quite dependent on the deformation rate 29 h4Pa for Ê = 10-5s-1, 22 h4Pa for E = 5.10-5s-1 and 13
MPa for É = 5.10-4s-1 for the ferritic transformation range. In the pearlitic transformation range similar behaviours are observed.
The mechanical behaviour measured during the austenite + pearlite transformation is shown on figure 2, where stress variations versus the deformation are plotted for two transformation temperatures 665 and 67597 and a deformation rate of 5 10-5s-1. For 67597, a continuously increasing stress is obtained with the increase of deformation, however the apparent yield stress is lower than that of austenite at higher temperature. For 66597, a softening is obsemed at the low deformation values foilowed by an increase of the stress. Simultaneous electrical resistivity measurements allow to define the transformation range as shown on figure 2. The softening obtained at 66597 is again obsemed in the phase transformation range. In order to model the mechanical behaviour a previous analysis was performed in order to define the origins of the observed softenings (13). Some obvious origins are : i) variations of the mechanical properties of the transformed phase compared to the parent phase. For exarnple ferrite exhibits a lower flow stress (oy = 28 MPa at 79093) than austenite at the same temperature (oy =36.5 MPa), ii) the volumic variation due to the phase transformation which is positive and therefore can replace the required imposed deformation rate. Indeed in the phase transformation range the different deformation sources are :
-thermal contraction which is negative eth = a AT ; a is the thermal expansion coefficient.
-volumic variation due to transformation etr wich is positive and exists only in the phase transformation range.
-elastic and plastic deformations of the ailoy. This is a "mechanical" deformation (e, , ).
-transformation plasticity deformation : this additionnal deformation is observed when a material is deformed in its phase transformation range. Its origin is a function of the transformation progress and of the applied stress (15).
The mechanical deformation variations which govern the flow stress can be written as
where det = Édt ; É is the deformation rate applied to the sample. In order to calculate the mechanical behaviour of the alloy deformed during cooling, the mechanical behaviour of austenite, ferrite and pearlite have been determined at constant temperatures for which onIy one constituent is present. For each constituent, the mechanical behaviour is mainly described by the following relation o = K en km [l] .
The values of K, m , n are : T is the temperature in Kelvin C is the carbon content of austenite in wt% which varies with temperature or transformation kinetics, (C = (0.2 -0.02 x)/(l-x), x is the ferrite content), m is the sensitivity coefficient to strain rate, n is the strain hardening coefficient.
The mechanical properties of ferrite and pearlite are dependent on the temperature. For austenite they are also related to the change in the carbon composition. The grain size effect is not considered.
The mechanical behaviour during cooling is calculated using two models. For the "analytical model", we assume that the strain increments in the two constituents are the same (homogeneous strain hypothesis).
For the "analytical model", the flow stress of the multi-constituent material is written as a mixing rule between the flow stress of each phase ci, ci being calculated with the above equations and xi the volume fraction of constituent i : O = c o i x i The thermal deformation increment is defined as : deth = TdtCaixi where ai is the expansion coefficient of constituent i (assumed constant).
The deformation associated to the volume variation during the transformation increase dxi, is dst, = str dxi et, is the deformation associated to the transformation and measured by dilatometry. At last, the transformation plasticity deformation is considered as linearly related to the applied stress o and to the progress of the transformation dxi (15).
de,, =K1odxi The considered value of K' is the one obtained by de Jong and Rathenau (16), for an Fe-C steel with a similar composition : K' = 3. IO4 MPa-1. Only one value of K' is considered.
We also used a finite element model at a macroscopic scale. This model is generally used for the calculation of internai stresses during heat treatments considering possible phase transformations (17,18). Also it needs an accurate description of the mechanical behaviour of the material. In this model the constitutive law is considered as thermoelastoplastic. The mechanical properties of the multi-constituent material again are obtained from the single constituent materials using a mixture rule. The mechanicai input data are the yield stress, the Young's modulus and the strain hardening constant for each phase. The Young's modulus values have been obtained from the literature (19) and are dependent on the temperature. The strain hardening coefficients were also temperature dependent and obtained from experiment. The yield stress corresponds to the flow stress calculated with the relation [Il for a deformation of 0.005, and the yield stresses of pearlite are in that case corrected for the grain size effect, taking into account a correction factor of 1.5 (14). Isotropic hardening was considered.
For the finite element model, the triaxial evolution of transformation plasticity deformation is : 3
For the two models, the material looses its "memory" of plastic strain accumulated in austenite during transformation. The transformation kinetics is given as an input data, and is the one obtained from dilatometry measurements (14). For the chosen cooling rate the effects of stresslstrain on transformation kinetics are considered as being negligible.
On figure 3 the variations of stress versus strain are given for the Fe -0.2C alloy calculated by the analytical model, considering the deformation rate of 2. ~O -~s -l . Different calculations were made considering i) the change in mechanical properties and the volumic variation associated to the transformation and ii) the change in mechanical properties, the volumic variation and the transformation plasticity deformation. In the austenitic range, the mechanical behaviour is nearly weli described during the cooling. The calculated flow stress is lower than the experimental one, and the difference increases, as the deformation increases and the temperature decreases. When transformation occurs, we observe that the first calculation describes only a small softening in the ferritic transformation range, and in the pearlitic transformation range, we don' t calculate any softening. For the second case, the calculated softening in the ferritic transformation range is very near the one measured. However, for the end of the ferritic transformation some discrepancies appear. In the pearlitic range, a softening is caiculated for that case, the magnitude of the softening is similar to the experimental one, but the increase in mechanical properties is obtained at a lower deformation value. The results obtained with the finite element model, are shown on figure 4 and compared to the experiment. The mechanical behaviour of the austenite is again weli described. Some differences appear, narnely at the beginning of the test that can be attributed to the constitutive law considered in the model (compared to the previous calculation). When the austenite transforms, a softening is calculated, which occurs later than the experimental one as for the previous calculation. At the end of the ferritic transformation, a rapid increase of the stress is calculated, leading to large differences between the model and the experience. At least in the pearlitic transformation range, a rapid decrease of the stress is calculated, leading to negative values of the axial stress (near zero). The rapid increase of stress for pearlite is well described. Compared to the previous calculation, a larger difference between calculated and experimental values is obtained for the finite element model at the end of the ferritic transformation. It can mainly be attributed to the elastoplastic law considered in that model and the way the input data are considered (Young's modulus values have been taken from the literature and the yield stress values are determined for an E value of 0.5 %, leading to a stiffer behaviour than the measured one). A viscoelastoplastic behaviour or a description considering the yield stress for a lower value of s should be introduced in order to reach a better description of the material in the very f i s t deformation ranges. Moreover, these large stress values obtained at the end of the ferritic transformation will lead to a large transformation plasticity contribution and explain the large stress drop to a zero stress value in the pearlitic transformation range. The results calculated with the analytical model for the isothermal pearlitic transformation are given on figure 5. The transformation kinetics is estimated from resistivity measurements, which lead to the estimation of the beginning and the end of the transformation kinetics. A Johnson-Mehl-Avrami kinetics is then considered from these detenninations. The mechanical behaviour of austenite is sirnilar to the one used in the previous calculations, and that of pearlite is considered as elastic perfectiy plastic. The yield stress of pearlite is considered as being equal to 85 MPa. For the transformation temperature of 675"C, the experimental curve is very well described up to a deformation of 0.6%, i.e. a transformation content of 50 %. For larger transformation contents, the calculated stress is always larger than the measured one. For 665T, the general shape of the mechanical behaviour is obtained, but some differences are still remaining.
The analysis of the calculated results (i.e. dcmC and detp) showed that the mechanical behaviour is such as the applied stress tends to a value which will give a transformation plasticity deformation and a volumic variation rate equal to the applied deformation rate (i. e. dem,: tends to O). We are then able to explain the decrease in the apparent yield stress of the material when the temperature decreases from 675 to 665°C. For the last temperature, the transformation kinetics is more rapid than for 675T. Also to reach the appiied deformation rate, the transformation plasticity and volumic variation contribution equd to (113 ~,+Ko)dxi due to its increase in dxi will require a lower stress than for 675°C. The mechanical behaviour wili then largely depend on the deformation rate and the ratio deformation rate/transformation rate. For a same deformation rate, an increase in the transformation rate will lead to larger softenings and to a decrease in the apparent yield stress. For a same transformation rate, larger deformation rates will limit the softenings, even they are no more obsemed and a plastic deformation of the phases occurs.
These different simulations of the mechanicai behaviour during phase transformation show that considering a macroscopicai modelling, the transformation plasticity deformation has to be considered and can be written as an additional strain in the phase transformation range. Its essential contribution occurs when the transformation plasticity deformation and the volurnic variation correspond to the total deformation imposed to the material ; the flow stress is difficult to predict and may be much lower than the flow stress of the softest phase. If a plastic deformation is needed, the difference in the flow stress calculated with or without considering transformation plasticity deformation will essentially be dependent on the material hardening (14,20).
CONCLUSION
The mechanical behaviour in the phase transformation range has been studied and modelled. A macroscopical approach considering the transformation plasticity as an additional deformation aliows to describe the mechanical behaviour for the studied transformations (ferritic and pearlitic) in isothermal or anisothermal conditions. The results show that it is necessary to take into account the transformation plasticity deformation namely for the low deformation rates and the large transformation progress rates.
